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1. Introduction 
In lhe last lwO or lhree decades nilrogen (N) fertilizers have been applied lO 
agricultural soils al high rales lo oblain higher crop yields. The increase in lhe nilrale 
concentration in bolb groundwaler and surface waler is relaled lo agricultural 
praclices. The use of nilrogen fertilizers al rales higher lhan lhe rale of uplake by lhe 
planl increases lhe pOlenlial for increased nitrate leaching, as has been shown by Roth 
and Fox (1990) for nitrogen-fertilized como 
Farmers, in many countries, often use arnounts of N-fertilization lbat exceed the N 
requirements of crops, and lhey, thereby increase the arnounts of potentially leachable 
nitrate in the soi!. Under irrigated agriculture, drainage below the root zone is 
required to maintain the salt balance. The water flow below the root zone can produce 
nitrate losses. Water and nitrate flow depends on the soil characteristics, arnount of 
water applied by irrigation or natural precipitation and the arnount, timing and species 
of nitrogen applied. Shepherd (1992), has posed the question "are the effects of 
irrigation on nitrate leaching loss good or bad ?", and poinls out that "bolb opinions 
have recently been expressed". This paper presents the results of two field studies 
conducted on nitrate leaching under irrigated crops as well as sorne of the main 
characteristics of nitrate leaching under agricultural practices found in the literature. 
2. Review 
One of the first discussions about the movement of nitrate in soils was presented by 
Boussingault (1856). Several papers dealing with the nitrate leaching have been 
published since the beginning of this century and many of these were cited in the 
interesting review published by Gardner (1965). Recently, Addiscott et al. (1991) 
have published a book on lbe relationship between farming, fertilizers and the nitrate 
problem. Because of the limited space, in the present paper we will only review sorne 
of the main works related to nitrate leaching in agricultural soils. 
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2.1. GENERAL CHARACTERISTICS OF NITRATE LEACHING UNDER 
AGRICULTURAL PRACTICES 
Nitrogen losses by leaching occur mainly in the nitrate formo Sorne leaching of 
ammonium may occur in sandy soils, but its leaching is limited by adsorption to the 
soil's exchange complex. The leaching of soluble soil organic nitrogen seems to be of 
little importance (Smith, 1987). Nitrogen losses can occur in the water runoff, mainly 
afler application of nitrogen fertilizers (Smi!h el al. 1990). Particulate N losses in 
runoff occur primarily in the form of soil organic matter components associated with 
the suspended sediment. 
Issermann (1987), studied the vertical distribution of nitrate 10 a depth of 10 m in soils 
under intensive agricultural practices. His results showed significantly higher quantity 
of nitrate in the profile of !hese soils than in soils under fores!. 
Tillage is one of the factors that affects the potential leaching of nitrate. Goss (1990) 
found that the nitrate leaching losses during winter in Scotland were 25 % higher in 
plots with a tillage dep!h > 15 cm, than in plots with a tillage depth of 7.5 cm or in 
direct drilled plots. In contrast, after sowing the losses of nitrate were 18 % higher in 
the direct drilling plots than in the tilled plots. Results obtained by Angle el al. (1989) 
show that nitrate concentrations in non-tilled soil under com were lower than those 
under conventionally tilled soil. 
Surface mulch can increase the infiltration rate, hence the potentialleaching of nitrate 
can be increased. Thomas el al. (1973) showed that the use of a killed sod mu\ch 
increased the nitrate leaching from the top 90 cm of !he profile. In contrast no 
leaching was observed in plots under conventional tilIage. 
2.2. IRRIGATION AND NITRATE LEACHING 
In many parts of the world, the number of irrigated areas have increased very rapidly i 
in the last two decades. At the same time, nitrogen fertilizer application rates have ! 
also increased. Both water management and nitrogen management are important in 
controlling nitrate leaching. Cassel el al. (1978) have shown that nitrate moves below 
the root zone because of heavy fertilizer nitrate applications as welI as high irrigation 
rates that exceed the evapotranspiration requirements. 
Ritter (1989) in a review on nitrate leaching under irrigation in the United States, 
described sorne of the major findings which are listed below: 
• Water management practices that control bo!h the amount and !he timing of the 
water applied, reduce nitrate leaching ; 
• Applying only enough nitrogen 10 meet realistic yield goals, will reduce nitrate 
leaching; 
• It is impossible to reduce nitrate leaching to zero in all regions on coarse-textured 
soils while maintaining adequate crop yields ; 
409 
• Nilrogen simulation models carmol be widely used lo evaluale nitro gen 
management and water management practices, because of Ihe lack of required field 
dala 10 validate the models. 
Letey el al. (1977) reported high nitrate losses in Ihe drainage water in Ihe Salinas 
Valley (California) due to Ihe high application rates of nitro gen and water (nitrate 
losses of 336 Kg/ha yr under irrigated corn fertilized wilh 717 Kg N/ha). Ritter el al. 
(1991) showed that the largest par! of the nitrate was leached during the fall and 
winler monlhs in Ihe irrigated area of the Coastal Plain region (USA). In contrast, 
very Jittle nitrate was leached during the growing season, except for one year when 
300 mm of rainfall occurred during Augus!. 
Andreu el al. (1991) have shown the importance of preferential paths in nitrate 
leaching during the growing periad of eoHon crop in the reclaimed and irrigared marsh 
soils in SW Spain. The total amount of nilrale in the drainage water represented 12 % 
of Ihe applied nitrogen. 
In Ihe irrigated coastal area of the Valencia region (Spain), Ramos and Varela (1990) 
have reported an important reduction of nitrale leaching by reducing Ihe N application 
rates by 50 % of the rates Iraditionally used by farmers and by using different times of 
application. In Ihis experimenl the water applied by irrigation was Ihe same in plOIS 
with conventional N fertilization and in those receiving reduced amounts of N 
fertilizers. 
Differences in nitrate leaching are slrongly influenced by nonuniformity in Ihe water 
applied by irrigation. Artiola (1991) has shown that variations in waler applicalion in 
a furrow-irrigated field were more importanl in delermining Ihe status of nitrale in the 
root zone than the N treatmen!. 
Improving the irrigation scheduling can reduce nitrate leaehing below the root zone. 
By irrigating on the basis of potential evapotranspiration Wendt el al. (1976) were 
able to maintain the nilrogen in the root zone for furrow, sprinkler and subirrigation 
systems. In contrast, when the waler application on a fine loamy soil was greater Ihan 
2-2.5 times the potential evapolranspirations nitrale leaching increased. Results on 
waler and nitrogen management in Ihe Cenlral Platte Valley of Nebraska reported by 
Ferguson el al. (1990) have demonslrated that irrigation scheduling and nilrogen 
accounting procedures can, in rnany cases, reduce both irrigation water and nitrogen 
fertilizer requiremenls. This practices can maintain erap yield while reducing the rate 
of groundwater contarnination. 
The most efficient method of applying water and nutrient seems to be by drip 
irrigation. Even in Ihis case, irrigation management must be considered in arder to 
reduce nitrate leaching. As shown by Troncoso el al. (1987) in Ihe soil of an olive 
orehard under drip irrigation a significant concentration of N03-N was observed at a 
deplh of 90 cm in Ihe wetted zone. Similar results were found by Klein and Spieler 
(1987) under drip-irrigated apple trees. 
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The use of nitrogen simulation models seems te be an important tool to simulate 
nitrogen losses. Of the twenty models reviewed by Tanji (1982), several of them deal 
with irrigated agriculture. The scope of these models varies widely. A significant 
number of these models have been developed to simulate water and nitrogen fluxes in 
Iysimeters or in field plots. One of the first models that incorporated N transport was 
ACTMO (Frere el al. 1975). Since then, several models have been developed. The 
GLEAMS (Groundwater Loading Effects of Agricultural Management Systems) model 
was developed by Leonard el al. (1987) for field-size areas to evaluate the effects of 
agricultural management systems on the movement of agricultural chemicals within 
and through the root zone, which model is also useful for simulating potential nitrate 
movement and leaching. The LEACHMN model (Leaching Estimates And Chemistry 
Model Nitrogen) is a process-based model of water and N-movement, 
transformations, plant uptake and N-reactions in the unsaturated zone (Wagenet and 
Hutson 1987). The NITWAT (Nitro gen and Water management) model (Melsaae el 
al. 1985, Watts and Hanks 1978) was developed for irrigated eom on sandy soils. The 
SWANIT model (Vereeeken el al. 1990) is a meehanistic one-dimensional nitrogen 
leaching mode!. In this model the two component model equation was included for 
predicting nitrogen leaching out of the root zone of arable land (Vanelooster el al. 
1992), that offers a flexible framework for describing the solute transport on a field 
scale. 
Many of these models need to be validated by a significant amount of field data. The 
field data are not always available and for this reason the use of the models is severely 
limited. 
2.3. RESULTS OF FIELD EXPERIMENTS ON NITRATE LEACHING 
In this section details and results of two field studies are presented. 
The first experiment deals with the losses of nitrate during the growing period of a 
cotton crop in the drained and irrigated marsh soils (marshes of the Guadalquivir 
river) in SW Spain (Andreu el al. 1991). Experiments were earried out on a 1 ha plot 
(40 x 250 m) situated in the area. The soil is of c1ayey texture (70 % elay). Swelling 
and shrinking proeesses occuring in these soils create a large system of interconnected 
vertical and horizontal cracks. The experimental plot is situated within an area of 12.5 
ha, in which a drainage system has been installed, consisting of ceramic pieces (30 cm 
long) forming a pipe of 250 m long buried at 1 m depth and 10 m intervals, 
discharging into a collecting channel perpendicular to the drains. This drainage system 
controls the water table level. 
During the growing period of coUon nitrogen fertilizer was applied on May 25, 1990 
(200 Kg urea/ha, 46 % N) with the next irrigation being applied on June 17, 1990 (56 
mm by furrow irrigation). The drainage outflow was continuously recorded, while at 
different time intervals samples of drainage water were taken to determine the nitrate 
concentration. Fig. 1 shows the drainage outflow rates. The drain discharge started 
half an hour afrer the beginning of irrigation. The maximum drainage outflow rate 
411 
(0.7 lis) was reached when irrigation had stopped. Results of N03-concentration in 
the drainage water are also shown in Fig. 1. The highest N03 concentration in the 
drainage water was observed for the maximum flow rate. Due to the time interval 
between the fertilizer application and the irrigation a considerable amount of N03 was 
present in the top soil layer as a consequence of the urea transformation. Under such 
conditions irrigation water produced significant nitrate leaching and this nitrate 
reached the drain very rapidly through the preferential paths created by the crack 
network. The total nitrogen leached with the drainage water during this irrigation 
represented 12 % of the fertilizer applied. 
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Figure 1. Drainage outflow rate and N03 concentration in drainage water after 56 mm of irrigation 
The second experiment deals with nitrate leaching under an irrigated maize crop. The 
. experiment was carried out on a sandy loam soil in the province of Seville (SW 
, Spain). Two experimental plots (each 450 m2) were used with a maize crop (plant 
, density: 75,000 plants/ha) which was furrow irrigated. One of the plots (A) was 
: fertilized with 510 Kg N/ha, which is one of the rates traditionally used by farmers in 
, this area. The other plot (B) was fertilized at one third of this rate (170 Kg N/ha). 
I Both fertilization rates were distributed in three applications (one deep fertilization 
applied before sowing, and two top dressing). The irrigation (amount and timing) was 
the same in both plots. Measurements of water flow and' nitrare leaching below the 
root zone (lOO cm depth) were carried out at several sites in each plot equipped with 
access tubes for the neutron probe, tensiometers at different depths and suction cups 
Cat 30, 60 and 90 cm depth) for soil solution sampling. The esrimalÍon of water flow 
was carried out using Darcy's law and hydraulic conductivity-soil water content 
relationships deterrnined in situ. 
Nitrate leaching below a depth of 100 cm, over the period between two sampling dates 
was calculated by multiplying the N03 concentration in the soil solution by Ibe 
amount of drainage during the periodo 
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Results shown in Fig. 2 correspond to the period June 3, 1991 10 August 25, 1992 
(two crap seasons and the fall and winter in between). The most important finding is 
the considerable reduetion of the nitrate leaching resulting fram the use of a much 
lower rate of N-fertilization than that used by farmers. Nitrate leaehing during the fall 
and winter periods was a1so greater in the plot with the highest N-fertilization rate 
(between days 200 and 350, Fig. 1) but these nitrate losses were smaller than expected 
because of rainfal! during this period lower than average. In contrast, significant 
nitrate !eaching was observed during the early grawth period in the seeond crop 
season, due to rainfal! (90 mm) when the soi! still was wet from the previous 
irrigation. In general, during the erop season the nitrate !eaching was low due to good 
irrigation management that redueed the water flow be!ow the root zone. In both years, 
no significant differences in crop yield were observed between plots receiving the twa 
fertilization rates. 
8' E 40 
~ a 
Il 
~ 
'" 
20 Il 1 11 ji -¡:: I 11I n '" ~ O 
8' 60 E b ~40 
¡:: 
1 1II 
o 
:;:l 20 
11 iI 11 '" bJl 
"¡:; O 
... 
~ 
~ 80 e I 
ro [DJ .<1 60 ... B ~ 
~ 40 
Z 
1 
o~20 
Z 
O 
O 100 200 Day 
300 400 500 
Figure 2. Rainfall {a}, irrigatian (b) and nitrate leaching (e) below the root zone in plots A and B 
(Day 0:20.3.91) 
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2.4. IDENTIFICATION OF GAPS IN KNOWLEDGE AND RESEARCH NEEDS 
From the literature it can be seen that a considerable amount of papers dealing with 
nitrate movement in soils have been published. Most of the resarch was carried out 
considering soil sampling only. Very liUle research has been done to quantify nitrate 
leaching losses by measuring them. Only few studies reporting on measurements of 
the actual water flow in the soil and the concentration of the soil solution on a field 
scale, can be found in the literature, although this is the most appropriate way to 
quantify nitrate leaching losses below the root zone. 
To reduce the risk of nitrate contamination a better knowledge of the integrated water 
and nitrogen fertilization management is needed. There are few papers dealing with 
integrated studies of the different form of nitro gen losses under agricultural practices 
on a field scale. In general, not more than two or three of the possible ways in which 
N may be lost (nitrate leaching, volatilization, etc.) are considered símultaneously. 
The lack of this integrated knowledge makes it difficult to adopt a strategy for the 
management of nitrogen fertilizers ín order to improve its efficiency and to reduce the 
possíble contamination by nitrate leaching. 
As mentioned before, the nitrogen simulation models need to be validated by a 
significant amount of field data. The lack of patt of this data is a common problem in 
many areas, and this is the factor which limits the use of the models. 
Taking into account the aspects considered in the previous sections, to improve the 
sustainabilty of irrigated agriculture auention should be paid to the following research 
need. 
Experimental work on integrated water and nitrate flow for different soils and 
different climatological conditíons, should be conducted to establish a better combined 
management of irrigation and nitrogen fertilizatíon practices. 
2.5. CONTROL OF THE NITRATE CONTAMINATION 
• To control and reduce the nitrate contamination of surface and groundwater 
sources more investigation is needed on integrated water use, nitro gen uptake by 
plant, nitro gen transformation in the soil and nitro gen losses by volatilization 
(directly from the soil and through the plant). These studies need the participation 
of experts from different disciplines. 
• Continuous studies are required on irrigation techniques to improve the uniformity 
of water applied. 
• There is a need to study new forms of applying nitro gen fertilizers (sources and 
timing) takíng into account irrigation practices, in order to improve its 
homogeneous dístribution into the soil and its availability for the planto 
• Studies of winter cover crops should be conducted to reduce nitrate leaching 
during the non-growing season. 
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• Detailed experiments on water and nitrogen applications on irrigated erops are 
necessary to generate field data for the validation of water and nitro gen simulation 
models. 
3. Conc1usions 
The results found in fue literature and our experimental results presented in this paper 
show that nitrate leaching is dependent on many factors, such as soil characteristies, 
c1imatic conditions, and water and nitrogen fertilization management. More 
experimental research is needed to improve water and nitro gen fertilization 
management, in order to reduce and control nitrate leaching losses under irrigated 
agriculture while maintaining acceptable crop yields. Field data are needed to validate 
water and nitrogen simulation models for application in different areas. 
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